ABSTRACT: A study of the filtration behaviour of contaminated wastewater treatment sludges was conducted. The laboratory portion of the study included a series of filtration tests with different nonwoven geotextiles. Filtration performance of the sludge-nonwoven-geotextile systems was also observed in field test cells by exhuming geotextile samples from the cells after exposure followed by analysis. The results indicated that the sludges could be filtered with nonwoven geotextiles selected on the basis of geotextile permittivity. The standard gradient ratio test did not always reflect the filtration performance, and therefore other clogging ratios should be considered. Two commonly used geotextile constriction sizes, O 95 and O 50 , could not be related to either clogging or piping. Additionally, ratios of geotextile constriction size to soil particle size in the existing filter criteria did not always predict the observed filtration performance.
INTRODUCTION
The retirement of large industrial waste storage facilities in accordance with environmental regulations has become a critical cost issue for industry and a challenge to the geotechnical community. Many facilities were constructed prior to the emergence of modern environmental regulations and contain a variety of contaminated high water content materials. Some examples are PCB (polychlorinated biphenyls) containing wastewater treatment sludges, contaminated harbour dredgings, waste pickle liquor sludges, asbestos-containing sediments, and contaminated river bottom sediments. These materials are typically contained in surface impoundments such as lagoons, ponds or old quarries. One of the least costly remediation alternatives is capping (Grefe 1989; Zeman 1994) . Among various types of capping options, composite caps are usually preferred, in which a geotextile component serves as a reinforcement, separation, and filtration layer.
The emphasis in this paper is on the filtration performance of nonwoven geotextiles in such a composite cap. This study was undertaken as part of the development of a closure system for the PCBcontaminated wastewater treatment sludges in Madison, Wisconsin. For the evaluation of the filtration performance, both clogging and retention behaviour of these filters had to be investigated. The low water solubility of PCBs in contaminated sludges and their partition on the solid phase requires that the retention performance of these filters be analysed considering more stringent piping rate limits than the existing criteria. On the other hand, high organic content in sludge promotes clogging, which requires an assessment of the applicability of existing anti-clogging criteria to sludge.
To respond to this need, laboratory soil filtration tests (gradient ratio and filter press tests) and geotextile permittivity tests were conducted with various sludgegeotextile systems. The same tests were also performed on a reference silty sand having the same particle size distribution as the sludge. The long-term filtration performance of sludge-geotextile systems was also observed in four field test cells capped using a lightweight fill. Permittivity tests and image analyses were performed to quantify the degree of clogging observed in the laboratory and in the field. Finally, comparisons were made between the laboratory and field results. This paper presents the results of analyses performed using nonwoven geotextiles; woven geotextiles were previously presented by .
LABORATORY TESTS

Materials
Sludge and soil
The physical and chemical properties of the PCBcontaminated wastewater treatment sludge are listed in Table 1 . The sludge is classified as organic silty sand (SM) according to the Unified Soil Classification System. Attempts were made to determine the liquid and plastic limits of the sludge samples; however, such measurements were not possible owing to its non-plastic nature. The mean specific gravity of the sludge was 1.85.
The reference soil used in this study was a silty sand and was prepared as a mixture of Portage sand and Madison silt to approximate the particle size distribution of the sludge. The mean specific gravity of the soil was 2.67, and it lacked any organic matter.
Geotextiles
In the laboratory testing programme, six nonwoven geotextiles were used. Field test cells were constructed using four of these geotextiles. The geotextiles were selected from the ones most often used in filter applications and had a wide range of apparent opening size (AOS or O 95 ), and permittivity. The physical and hydraulic properties of the geotextiles are given in Table 2 .
Methods
Three different types of soil-geotextile filtration test were conducted in this study. Among the various test methods, two methods standardised by the American Society of Testing and Materials (ASTM) were used: the gradient ratio test (ASTM D 5101) and permittivity test (ASTM D 4491). A third test, a modified version of the American Petroleum Institute (API) filter press test (American Petroleum Institute 1985), was also used.
Gradient ratio tests were conducted to determine the clogging performance of soil-geotextile combinations. Contrary to the 24 h procedure prescribed in ASTM D 5101, the tests were continued for more than 3 months to understand the long-term clogging performance of these systems. Hydraulic gradients of 1, 2.5, 5 and 7.5 were used in the tests. Methods described by were followed for the specimen preparation. In all of the tests, a fully automated water de-airing system continuously supplied the test water. The dissolved oxygen content of the water was regularly checked and maintained at between 3.5 and 4 mg/l, less than the limit of 6 mg/l set by ASTM D 5101. In order to quantify the change in the hydraulic performance of geotextiles after subjecting them to filtration with sludge or silty sand in the gradient ratio test or in the field, laboratory permittivity tests were conducted on the geotextiles following the procedure described in ASTM D 4491. The API filter press was used to determine the retention characteristics of the sludge-geotextile systems. A pressure of 7 kPa was applied during the test to simulate the expected lower field gradients, and the tests were continued for 12 h to observe the long-term retention performance. The procedure described by was followed for the filter press tests.
It is well known that the filtration performance of a soil-geotextile system is directly related to its constriction size distribution (CSD), i.e. distribution of the minimum opening sizes of the flow channels in a geotextile. A probabilistic model coupled with image analysis, named CONS, was developed to determine the constriction sizes of the geotextiles. Thin sections of epoxy-resin-impregnated geotextiles were prepared, and Notes: (a) NW, nonwoven; NP, Needle-punched; STF, staple fibre; CF, continuous filament; HB, heat-bonded; PP, polypropylene; NA, Not analysed. Mass/unit area and thickness are the manufacturer's reported values. Permittivities were measured in the laboratory per ASTM D 4491, and porosity values were determined using the method described by Wayne and Koerner (1993) . ( image processing operations and probabilistic analyses were performed on the captured images of these thin sections. Aydilek et al. ( , 2003 provides detailed description of the method. Analyses were conducted on virgin geotextiles as well as on the ones subjected to filtration in the laboratory and in the field. Owing to current limitations, the methodology is applicable only to needle-punched nonwoven geotextiles; therefore the pore structure of Geotextile N (heat-bonded nonwoven) was not analysed.
FIELD STUDY: CONSTRUCTION OF CELLS AND FIELD INVESTIGATIONS
A field study was conducted to investigate the filtration performance of sludge-geotextile systems. Four sludge lagoon test cells were capped using a pervious lightweight fill consisting of a mixture of wood chip and soil separated from the sludge by four different nonwoven geotextiles, referred to as Geotextiles I, L, P, and N. The thickness of the sludge and the fill ranged from 1.2 m to 1.4 m and from 0.5 m to 1 m, respectively. The physical and hydraulic properties of the geotextiles used in the field study are given in Table 2 . The cells were instrumented with piezometers, settlement plates and surface survey blocks. Piezometers installed at different depths in the sludge provided information about the pore water heads and, therefore, a measure of the clogging performance. Figure 1 shows the layout of the test cells. Samples were exhumed at 12 months after the construction of the test cells. Sludge and geotextile samples were collected and transported to the laboratory for further analysis. Samples of the cap material were also collected to investigate the intrusion of sludge solids into the cap due to consolidation of the sludge under the weight of the cap (i.e. separation performance of geotextiles). Laboratory tests (i.e. permittivity tests, image analyses, filter press tests) were performed on the exhumed geotextile samples to assess their clogging performance in the field application. Aydilek (2001) and provide detailed information about the construction of the test cells, field exhumation procedure, and methodology employed in the laboratory tests.
Pore water heads and the surface water regime in the field test cells were monitored during and after cap construction. Excess pore water heads, which occurred because of loading of the sludge by the cap, dissipated approximately within 2 years after the construction, mostly by upward flow, and followed the trend observed in the settlement data for all of the cells.
RESULTS AND ANALYSIS
4.1. Clogging behaviour of geotextiles 4.1.1. Specimens exposed to filtration in the laboratory For the analysis of gradient ratio test results, two different ratios were used: gradient ratio (GR) and permeability ratio (K R ). ASTM D 5101 defines GR as the ratio of hydraulic gradient in the contact zone to hydraulic gradient in the soil, whereas K R is the ratio of the stabilised hydraulic conductivity of the soil to that of the stabilised system hydraulic conductivity: where i soil-geotextile interface is the hydraulic gradient in the contact zone and i soil is the hydraulic gradient in the soil. k soil and k system are the hydraulic conductivities in the soil and the entire system respectively. The hydraulic conductivity of the entire system, k system , is determined using the applied hydraulic gradient on the soilgeotextile system (i.e. 1, 2.5, 5, 7.5). For k soil calculations, i soil values were calculated using the readings registered by manometers located 25 mm and 75 mm from the top of the middle section of the permeameter. For both of the hydraulic conductivities (i.e. k soil and k system ) stabilised flow rates were used (determined by taking the average of the last five stabilised values for each test). Another ratio, called the permittivity ratio (C R ), was defined as the ratio of the geotextile permittivity after the gradient ratio test (i.e. after filtration) to the virgin geotextile permittivity. This ratio should be equal to 1 for an unclogged geotextile, indicating no change in flow capacity of the geotextile. Considering the criticality of the applications and other factors (e.g. chemical and biological clogging), a flow reduction of up to 20% (this corresponds to a permittivity ratio of 0.8) is allowed when using filters for sludges. As explained in , K R ¼ 3 and C R ¼ 0.8 are set as the limits for acceptable clogging of sludge-geotextile systems. The values of GR, K R and C R for the sludge-geotextile and silty sand-geotextile systems exposed to filtration in the laboratory study are given in Table 3 .
A review of the data in Table 3 shows that all of the geotextiles tested with sludge would be considered clogged based on the criterion that sets GR of 1 as the limit, and only one of them (Geotextile I) would be considered unclogged when the US Army Corps of Engineers' limit of 3 is used (Haliburton and Wood 1982) . However, analysis of the K R ratios, which are based on the measured hydraulic conductivities at different locations in the soil, does not support these conclusions. Under the initial hydraulic gradient applied, some of the K R values were slightly above the suggested limit of 3 (not shown in the table) (Aydilek 2000) . As the hydraulic gradient was increased, the ratios decreased, possibly as a result of relocation and redeposition of the sludge particles. Additionally, the C R ratios show that the flow capacity of the geotextiles remained unchanged in most cases during laboratory filtration, and are comparable with the K R ratios. There are various problems associated with the testing of sludges in the standard gradient ratio test, such as clogging of manometer ports and possible biological and chemical clogging due to organic matter and contaminants. These problems, coupled with the results found in this study, suggest that K R and C R rather than GR appear to be more consistent indicators of clogging behaviour of sludge-geotextile systems.
Clogging ratios (GR and K R ) for sludge and silty sand are plotted against virgin geotextile permittivity in Figure 2 . K R decreases with increasing permittivity for both sludge and silty sand, showing the effect of geotextile permittivity on clogging behaviour. The change in GR is small for permittivity values greater than 1.5 s À1 , and the ratios stabilise at about C ¼ 1.5 s À1 . All the geotextiles, except Geotextile N, indicated satisfactory performance based on their K R ratios. Furthermore, most C R values are between 0.8 and 1.0 (Table 3 ), indicating that the flow capacity of the geotextiles remained practically unchanged. The exception to that is Geotextile N, which is a heatbonded nonwoven geotextile and is occasionally not successful in filtration applications (Haliburton and Wood 1982) .
The results indicated that permittivity is a good indicator of geotextile filtration performance with sludge. For instance, a permittivity ratio of 0.79 was measured for Geotextile L (thick nonwoven needlepunched geotextile), which is below the limit of 0.8 set as the permittivity ratio criterion for clogging , i.e. the minimum permittivity ratio allowed. This finding is consistent with the K R of this geotextile, which is 2.5, indicating that the geotextile is close to clogging based on a maximum allowable K R . These trends are consistent with the findings of Faure et al. (2000) and Krug et al. (2000) . Both studies indicated that permittivity is the main pore structure parameter affecting the clogging performance of nonwoven geotextiles. The geotextiles subjected to gradient ratio tests with sludge were analysed to determine the degree of change in their CSDs using the probabilistic model CONS. The exception to that was Geotextile N. Its fibre structure caused problems in image processing, and therefore it was eliminated from the image analysis programme. Figure 3 shows the changes in two characteristic constriction sizes, O 95 and O 50 , after the laboratory tests conducted with sludge and silty sand. The decrease in the O 95 constriction sizes is less than 20% in all cases. However, the geotextiles experienced greater changes in their median pore sizes, O 50 , a decrease in the range 8-40%. This is in agreement with the findings of the previous research indicating that smaller constriction sizes (i.e. O 40 to O 50 ) may be more prone to changes during filtration (Fischer 1994; Fischer et al. 1990; Millar et al. 1980) . Figures 4 and 5 show the planar and crosssectional view images of two geotextiles with two different permittivities after testing with sludge in the gradient ratio test (Geotextiles L and K, respectively). For comparison purposes, the images of virgin specimens of those geotextiles are also given in the same figures. The geotextile with the larger permittivity (Geotextile K in this case) clogged less, and therefore experienced smaller amounts of decrease in its constriction size. Generally, this was the case when it was tested either with silty sand or with sludge. In all cases, the decrease in the constriction sizes was less for geotextiles tested with silty sand.
The CSD curves of most geotextiles shifted to the left after the gradient ratio tests (Aydilek 2000) , indicating that clogging affected not only a single characteristic constriction size (i.e. O 95 or O 50 ) but rather the whole pore structure. The change in CSD was greater for the geotextiles having lower permittivity values. Figure 6 describes such a change in CSD for Geotextiles L and K with very different permittivities. Figure 7 shows micrographs of the exhumed sample of Geotextile L. The image of a virgin sample of the same geotextile is also given in Figure 7 . The sludge particles were attached onto the fibres, possibly because of the biological activity. Figure 7c shows that some of the fibres were reoriented, probably because of the stresses imposed by the cap and the construction equipment.
Laboratory tests on specimens exposed to filtration in the field
The permittivity of the exhumed geotextiles was determined using the methods described in ASTM D 4491. Four permittivity tests were conducted on each sample, and permittivity ratios (C R ) were calculated based on the Table 4 summarises the changes in permittivity ratios for each geotextile, exhumed 1 year after construction. The table shows that permittivity ratios are usually within the limits 0.8-1.0 for the field specimens, with an exception in Geotextile N.
For the exhumed geotextiles, the decrease in the O 95 constriction size ranged from 8.2% to 13%; however, somewhat greater changes in the median constriction size, O 50 , were observed, as shown in Table 4 (i.e. as large as 30%). This trend is similar to the observations made in the laboratory tests that smaller pores clog more. In general, geotextiles with relatively higher permittivities experience less clogging. Smaller geotextile constriction sizes (i.e. O 50 ) can be related to permittivities as they are the controlling sizes for clogging. As a result, smaller changes in O 50 values were observed for the geotextiles with relatively higher permittivities.
Comparison of laboratory and field results
Both field and laboratory results indicate that the geotextiles, in general, were not clogged when tested with the sludge. The exception to that was Geotextile N. A relatively larger permeability ratio (K R ) was obtained for Geotextile N when it was tested with sludge in the laboratory. The permittivity values obtained from the field specimens were also comparable to the measured permittivities from the laboratory tests obtained prior to the field study (i.e. C R values of 0.52 and 0.43 for the laboratory and field specimens, respectively). C R % 0:8 was measured for Geotextiles L, P, and I; they were considered unclogged because of K R values of less than 3 during the laboratory tests.
Further observations on the clogging behaviour were made through analysing the changes in the two constriction sizes. The decrease in O 50 constriction sizes of the exhumed geotextiles compares well with the O 50 of the ones exposed to filtration in the laboratory (Table 4) 
Specimens exposed to filtration in the laboratory
Gradient ratio tests provided valuable information about the retention performance of the geotextiles, as the material that piped through was continually monitored. The amount of sludge piped through the geotextiles in all tests was in the range of 170-1800 g/m 2 , but less than 2500 g/m 2 , a limit suggested by Lafleur et al. (1989) for internal stability of soils (Figure 8a) . A lower limit of 1900 g/m 2 was set for the retention of sludge solids above the geotextile. This limit was established by considering the environmental regulations that set a limit for the maximum concentration of PCBs in the environment and the amount of excess pore water discharged during consolidation of sludge in the lagoons (Aydilek 2000) . The measured piping rates were still lower than this new lower limit adopted. Further analysis of the retention performance was performed in calculating the amount of piped sludge solids as an equivalent amount of silty sand (taking into account their different specific gravities), and the values are plotted against the geotextile permittivities in Figure 8b . The figure provides a direct comparison between the piped amounts of sludge solids and silty sand, and suggests that Geotextile K (C ¼ 2.3 s À1 ) is the only one exhibiting a piping rate above the limit of 1900 g/m 2 . Piping rates were higher for the silty sand in all tests, and Geotextile K (C ¼ 2.3 s À1 ) had a piped amount above the limit of 2500 g/m 2 when it was tested with silty sand. Similar observations were made by for woven geotextiles, and could be attributed to the clod-like nature of sludge, which prevents the movement of solid particles freely since the particle size distributions of both materials were essentially the same. Figure 8 also suggests that, in general, piping rate increased with increasing permittivity for both soils when needle-punched geotextiles were tested, consistent with the findings of Krug et al. (2000) . For the two geotextiles having the same permittivities, the heatbonded one (Geotextile N) experienced less piping than its companion (Geotextile L). This is probably due to the lower constriction sizes of heat-bonded geotextiles.
Overall, permittivity is an important nonwoven geotextile pore structure parameter that controls retention performance.
Retention performance was also evaluated by measuring the amount of piped sludge solids in the filter press tests, and the results are given in Figure 8a . The Table 4 . Changes in permittivity, and two characteristic constriction sizes of nonwoven geotextiles exposed to filtration with sludge in the laboratory and in the field percentage of retained sludge solids was in the range 97-99% in the filter press tests, and the measured piping rates were insignificant (50-520 g/m 2 ). No significant discoloration of the outflow was observed in any of the tests. A filter cake with a thickness of 0.4-1.5 mm was formed on the surface of the geotextiles. The formation of a low hydraulic conductivity filter cake is usually desirable as long as it does not cause clogging, as it contributes to retention of solids. The filter press test is a quick and simple test method, and can be effective for comparative evaluation of short-term retention of sludge by geotextiles. However, long-term piping performance is specifically important in the case of contaminated materials such as sludges, and can be determined more definitively by collecting the fines at the bottom part of the permeameter after the gradient ratio tests.
Post-gradient ratio test sieve analyses were performed on the sludge and silty sand samples taken from different depths in the permeameters, and they were compared with the particle size distributions (PSD) determined prior to testing (Aydilek 2000) . Some of the PSDs were indicative of widespread piping consistent with the measured piped material collected at the bottom of the permeameter. Two plots showing the PSDs in different parts of the permeameter for the sludge-geotextile testing are given in Figure 9 for demonstration purposes. For Geotextile N (C ¼ 0.7 s À1 ), relatively less deviation is observed from the original sludge PSD when compared with the PSD of Geotextile K (C ¼ 2.3 s À1 ) (i.e. up to 10% compared with up to 17%). The piping rates for those geotextiles were 170 g/m 2 and 1800 g/m 2 respectively.
Laboratory tests on specimens exposed to filtration in the field
Field observations during the exhumation process indicated that no significant piping of sludge through the geotextile and intrusion into the overlying cap was occurring. Similar observations were made when the specimens were transported to the laboratory for more accurate analyses . The weight of the intruded solids was insignificant, in each case being less than 10 g for 2000-4000 g of collected cap material. This corresponded to a piping rate of 1000-1200 g/m 2 , lower than the limit of 2500 g/m 2 set by Lafleur et al. (1989) for laboratory tests and the limit of 1900 g/m 2 set considering the environmental regulations. All of the geotextiles were considered to have performed satisfactorily in terms both of separation of the sludge from the overlaying cap and of retention of the sludge solids by means of preventing excessive piping.
Filter press tests were conducted on the exhumed and virgin samples of the geotextiles using the sludge, and the changes in effluent amount (also called filtrate loss) were calculated. The results are shown in Figure 10 along with the changes in permittivity. The figure shows that the change in the filtrate loss values 1 year after the field placement are, in general, comparable to the findings obtained from the permittivity tests. For instance, a 52% decrease in the filtrate loss is obtained for Geotextile N, which is comparable to a 57% decrease in the flow capacity of the same geotextile as indicated by the permittivity test (i.e. C R ¼ 0.43 would indicate a 57% decrease in flow capacity).
Comparison of laboratory and field results
The geotextiles performed well both in the laboratory and in the field in terms of their retention performance when tested with sludge. The piping rates were below the set limit, which is based on consideration both of the internal stability of the soil and of environmental protection from release of contaminated solids. The only exception to that was Geotextile K, as discussed above. Field piping rates were generally comparable to those observed in the laboratory tests (i.e. 170-1800 g/m 2 as against 1000-1200 g/m 2 ), even though occasionally some of the geotextiles experienced higher piping rates in the field. This was attributed to additional dynamic loads exerted on the sludge by the trucks during construction. Piping rates generally increased with increasing permittivity in both the gradient ratio and the filter press tests. As mentioned above, the filter press test is a simple and quick test for comparing piping rates; however, the specimen size required for the test is small and the test duration is relatively short. The gradient ratio test provides the piping rates more effectively.
Definition of an acceptable zone for filtration
After combining the retention and clogging performances observed in the laboratory tests, an acceptable zone is defined for the filter behaviour of sludgegeotextile and silty sand-geotextile systems in Figure  11 . For sludge only permeability ratios, and for silty sand both permeability and gradient ratios were employed, as those were the discriminating indicators of the clogging behaviour for each material. A new piping rate limit of 1900 g/m 2 is set as the acceptable limit for retention performance of contaminated sludge, whereas a limit of 2500 g/m 2 is used for silty sand. An upper limit of 3 is used for the clogging ratios with both materials. Also, a minimum permittivity limit of 0.7 s À1 is set for sludge and silty sand, because the trends in the plots indicate that the geotextiles with permittivities smaller than 0.7 s À1 may have clogging ratios greater than 3.
Applicability of the existing filter criteria
Existing geotextile filter selection criteria use size ratios in the form of O x /D x , where O refers to a characteristic constriction size of the geotextile and D refers to a characteristic particle size of the soil. In the analysis herein, O x was used to designate the constriction sizes determined from the probabilistic model CONS. Use of constriction size is important, because the minimum diameter of pore flow channel controls the filtration process. Two constriction sizes commonly used as part of both clogging and retention criteria, O 95 and O 50 , were selected and correlated to the degree of clogging observed in the laboratory tests. Figure 12 shows that, for either sludge or silty sand, O 95 and O 50 were not related to the clogging ratios. Piping rates are plotted against the two characteristic sizes in Figure 13 : as for the trends for clogging, no clear-cut trends could be observed between the piping rates and O 50 constriction sizes. On the other hand, piping rates show a generally increasing trend with increasing O 95 constriction size.
An extensive analysis was conducted by considering the commonly used geotextile constriction size-to-soil particle size ratios in the existing published filter criteria. The results of the long-term gradient ratio tests and the CONS-based geotextile constriction sizes were used to determine the applicability of widely used geotextile filtration criteria (Table 5 ) to the nonwoven geotextiles tested with silty sand and sludge. Figure 14 compares the actual performance observed for these systems in the laboratory tests with the predictions of the existing filter criteria. Geotextile N was eliminated from the comparisons since, as mentioned before, at its current status CONS is capable of analysing only the needle-punched nonwovens.
Five out of the six geotextiles tested did not experience significant excessive piping in the laboratory tests. Geotextile K (a continuous filament nonwoven needlepunched geotextile) was the only geotextile that resulted in a relatively large piping rate. Figure 14 shows that the existing empirical criteria predict the retention performance observed in the laboratory tests in most cases. The prediction percentage was in the range 60-80% for both silty sand and sludge (in one case the prediction was as low as 20%). For instance, a prediction percentage of 80% means that the particular retention criterion was able to predict the performance of four of the five geotextiles analysed.
All the geotextiles except Geotextile N, a heat-bonded nonwoven geotextile, performed successfully in the laboratory tests in terms of clogging performance. For sludge, four of the existing filter criteria and for silty sand, five of the existing filter criteria accurately predicted the clogging performance observed in the laboratory tests.
The existing filter criteria were, in general, successful; however, they did not predict the observed filtration performance in all cases. Considering the criticality of the filter design, the selection of geotextile is crucial in contaminated materials, such as sludges. Therefore a parametric study is required to evaluate O x /D x ratios and find the best ratio that clearly discriminates clogging and retention performance for such geomaterials.
CONCLUSIONS
Filtration performance of six different nonwoven geotextiles with contaminated organic wastewater treatment sludge was evaluated in the laboratory. For comparison, these geotextiles were also tested with an inorganic silty sand having the same particle size distribution as the sludge. Long-term gradient ratio tests and filter press tests were conducted with these two materials. Permittivity tests and image analysis were also performed on the geotextile samples before and after the gradient ratio tests. Filtration performance of geotextiles with sludge was also observed in field test cells. Geotextiles placed over the sludge under a cap were exhumed after a period of 12 months. Permittivity tests, filter press tests and image analysis were performed on the exhumed geotextiles. The following conclusions are advanced as a result of the laboratory and field studies:
. The filtration characteristics of sludge are different from those of silty sand even though they may have the same particle size distribution. The presence of organic mass and the clod-like structure of the sludge results in more complicated filtration phenomena. This structure reduces piping of contaminated sludge solids but also promotes clogging of geotextiles. . The gradient ratio test (ASTM D 5101) has certain limitations when used with sludge. The gradient ratio, GR, as calculated does not necessarily reflect the actual clogging behaviour for sludge owing to the issues associated with testing organic sludge. However, another clogging ratio, i.e. permeability ratio (K R ), allows a clearer definition of clogging. A third ratio, permittivity ratio (C R ), introduced to quantify changes in flow capacity of geotextiles subjected to filtration, supports K R determined from gradient ratio tests, and provides an additional check on the results. . The modified filter press test is a quick and simple test method, and can be effective for comparative evaluation of short-term retention of sludge by geotextiles. Long-term piping performance, specifically important in the case of contaminated materials, can be determined more definitively by collecting the fines at the bottom part of the permeameter after the gradient ratio tests. Millar et al. (1980 ) Koerner (1997 ) Fischer (1994 ) Christopher and Holtz (1985 French Committee on GT & GM (1986) Fischer et al. (1990) . Permittivity is the most important nonwoven geotextile pore structure parameter defining filtration. When tested with sludges or silty sands, less clogging and more piping was observed with increasing permittivity. An acceptable filter zone is defined based on acceptable clogging and retention limits and permittivity values. . Clear trends could not be observed between the two commonly used geotextile constriction sizes, O 95 and O 50 , and clogging or piping. Only O 95 sizes showed some correlation with piping. Additionally, ratios of geotextile constriction size to soil particle size in the existing filter criteria did not always predict the observed filtration performance. It appears that a parametric study is needed for evaluating various O x /D x ratios and finding the most discriminating ratio for clogging and retention performance. . Geotextiles subjected to gradient ratio tests were analysed to determine the reduction in their two characteristic constriction sizes, O 95 , and O 50 , using an image analysis method. The decrease was less than 40% for most of the geotextiles. Larger reductions were observed for the geotextiles with relatively smaller permittivities, indicating that permittivity has a direct effect on the clogging performance of nonwoven geotextiles. . The field performance of geotextiles was generally consistent with that observed in the laboratory tests. In general, comparable C R values were obtained for the specimens exposed to filtration in the field or in the laboratory. The field geotextiles experienced slightly larger reductions in their O 50 constriction sizes than in O 95 (up to 30% as against 13%). These reductions were, in general, comparable to those observed for the geotextiles exposed to filtration in the laboratory. Field piping rates were generally comparable to those observed in the laboratory tests.
